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I. introduction

Associati ve ionization is that type of chemi—ionization 1 wherein

two atoms, molecules or radical s, A and B, collide at thermal energies

and produce a mol ecular ion in a process such as

A + B  -~ AB~~+e . (1)

In order for the process to proceed it is necessary to provide enough

energy to remove the electron from the neutral AB molecule or radical ,

and this energy comes from (1) chemical binding energy of the AB molecule

and (2) internal excitation in either A or B.

Examples of associative ionization reactions which rely on internal

r excitation have long been known , e.g., the formation of diatomic inert

gas ions in discharges and aftergiows. The molecular ions formed in

this situation can rapidly dissociatively recombine with electrons to

produce the initial species in their ground states.

In contrast, if sufficie~ ,~~a~~ ”for ionization is provided by

the formation of the A—B~~hemical bond , associative ionization can

occur between ground state reactants. Neutralization by dissociative

recombination is energetically forbidden for mol ecular ions formed

under these conditions and the lifetime of the ions may be long, even

in the presence of a substantial electron density. Since the lifetime

against neutralization may be long, the possibilit y exists that the ion ,

if formed in an excited state, coul d radiate even if the transition were

in the infrared region where excited state lifetimes are long.

—3..
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Thus reactants that undergo associative ionization from their

ground states offer a source of long—lived electron clouds which

can affect radar signal transmission and simul taneously a source of

infrared radiation which might be unwanted background in any system

i nvolving IR radiation.

We began our investigation of associative ionization reactions ,

under an earlier research contract2, by examining the reactions

U + O  -
~~ UO~~+e (2)

U + 02 UO2~ + e. (3)

An absolute measurement of the cross section for the latter reaction3

provided a benchmark for measuring other associati ve ionization cross

sections by a simple comparison technique . Further study led to the

discovery that ground state associative ionization occurs in a number

of metal—oxygen systems48 and a variety of other metal-gas

com binations .2 ’4 ’9

Much of the effort under the present contract has been devoted to

the study of various uranium-gas reactions. The observation of

dissociative associative ionization 2, in parti cular the production of

UF 2~ from U + SF6, suggested that negati ve ions might also be formed ‘in

some of these reactions. This prompted the devel opment of detection . 
-

• electronics which would permit the observation of negative ions as well

as positive ones.

—4-



This report suninarizes the program as carried out over the past

two years, sumarizes the present situation with regard to associative

ionization processes, and suggests the directions ‘in which future

research might profitably move. Included as appendices are a list of

associati ve ionization reactions studied at Extranucl ear Laboratories , Inc.

and tPe University of Pittsburgh , abstracts of papers presented at

scientific meetings and a preprint of an article on ozone associative

ionization with uranium and thorium.
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II. Uranium Associative Ionization Wi th Gases

Much of the work performed under the previous contract to examine

associati ve ionization reactions2 was devoted to reactions between

atomic and mol ecular oxygen and various metals. Reactions were

observed between uranium and NO, N20 and SF6 producing the positive

• + + + .ions UNO , UO and UF2 , respectively, although detailed quantitative

measurements were not performed. With the observation of dissociative

associative ionization in the latter two reactions , the possibility

arises that negati ve ions may also be formed in associative ionization

reactions.

We first observed the production of negative ions in the U + Br 2
system. Three reaction channels are observed,

U + B r  ~~U8r ’
~ + e  (4 )

~~UBr ’
~ + B r + e  (5)

~ UBr ”~ + Br (6)

By comparison of signal intensities in these reactions with the UO2~
signal from reaction (2) under comparable gas beam intensi ties , we

19 2 iq
roughly estimate cross sections of 5 x 10 cm for (4) and 1 x 1O~ 

- 

‘
I

cm2 for the sum of (5) and (6). The branching ratio betwen 15) and (6)

‘is difficult to estimate , but appears to be of order 10:1. The

analogous channels are observed in the reactions of Cl 2 with uranium :

U + C l 2 -~ UCl 2~~+e (7)

-* UCl~ + Cl + e (8)

-
~ UC l ’

~
’ + C1 (9 )

j -6-



with roughly estimated cross secti ons of io_ 17 
cm 2 for (7) and

• io~
8 cm2 for the sum of (8) and (9). The branching ratio appears to

be of order unity.

Negat ive  ions are also produced in tne U + SF 4 system , where the

assumed reactions are

U + SF 4 -

~ 

UF 2
: 

+ 5F 2 (?) + e (10)
-

~ UF2 C ? ) + F + SF(?) (11)

The cross section for (10) is estimated to be 5 x 10-19 cm2, while the

cross section for (11) is so small as to preclude even a rough estimate .

The UF 2~ product in (ii) is shown as uncertain because the F signal is

su f f i c i en tly small  that  a corres pon d in gl y small  curren t of a heavy i on ,

e.g., UF~, mi ght easily elude detection. The U + SF6 system has a

compara b le cross section for producing UF2
’
~, however no negative ions

are observe d.

Since the uran i um—atomic oxygen associative ionization reaction

has a relat ively large cross section , one mi qht expec t the analogous

reaction with atomic sulfur , which also has an ns2 no4 (3P) el ectron

structure , to occur. To invest igate this possibility an independently

• heated sol i ds vaporization stage was added to the existing gas dissocia-

tion furnace. Wi th this two-stage furance , an atomic s u l f u r  beam can be

produced by gently vaporizing molecular sulfur in the relatively cool

first chamber and dissociating the vapor in the hotter second chamber.

—7—
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Uranium and sulfur are found to associatively ionize , producing US~,

an appropriate reaction product to observe duri ng the United States ’
bicentennial celebrati on . The reaction cross section ‘is 1.776 x io_17 76

cm2 , 50 times smaller than the analogous U0 cross section.

A cursory exam inat ion of the reaction U + S2 -u- U52~ + e

yielde d a null result. However, consi dering beam i ntensities and the

ratio of-the 0 and 02 cross sections , the U S2~ product could easily

have escaped detection. Insu fficient data exist on the dissociation

ener gy and ion i zat ion potent i al of US 2 to determine whether the reaction

is even energetically possible.

Several other uranium— gas systems have also been investigated , a

number of which , CHF 3, H202, ~~~~ 
and H2S, produced no observable

associative ionizat ion signals. The results of these studies are

inclu ded in Appendix I.

-8- 
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III. Associative Ionization of Metal Oxides With Atomic Oxygen

Qualitative observations have indicated that certain monoxides

such as 110 may undergo associative ionization with atomic oxygen .

Efforts to confirm this were hampered by physical constraints in the

experimental apparatus. There is not sufficient space without

extensive modifi cation of the apparatus to replace the simple metal

beam furnace with a two—stage oven which would be desirable for

producing monoxide and dioxide beams from more highly oxidized meta l

powders . Consequently we had little control of the oxidation state

of the beam. However in experiments with atomic oxygen and MoO ,

MoO2, 1~
IO2, TiO and h O 2, no associative ionization products were

observed . Based on experimental conditions , this places an upper

bound of iO~~ cm2 on the cross sections for associative ionization

— in these systems, if the reaction occur .

~

Ti
- l
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IV. Ozone Associative Ionization Reactions With Uranium and Thorium

In associative ionization reactions involvin g molecular species ,

multi ple reaction channel s are conceivabl e although for most of the

systems which we have investigated , i nsuf f i c i en t  thermod ynam i c da ta

are availa ble to determine which channels , if any , are ener ge t i ca l l y

al l owed. Ozone is one of the few exceptions; thermochemical experi ments 10

indicate that f ive of the seven possible  channels  are ener geti cal l y

allowe d for ozone associative ionizati on with both uranium and thorium.

We have investigated both the U-03 an d Th—03 systems . Only two

of the possi ble channels are observed in the uranium reaction , but f i ve

dist inct channels can be identified with thorium. The observed reactions

are summar i zed in Table I . The cross sections , rang ing from 1O~~ cm2

to iO 16 cm2, are tabulate d in Appendix I; details of the measurements

— 
- are described in Appendix VI II .

TABLE I
REACTION CHANNELS OBSERVED IN OZONE ASSOCIATIVE

I O N I Z A T I O N  W ITH URAN I UM AND T H O R I U M

U + O  -
~
- UO ’4’ + O + e

3 
-
~

Th + 03 -- Th03 + e

Th02~ + 0 + e

-~~ ThO 2~~+ O

-
~ Th04 + 0 2 + e

-÷ ThO~~~~O2

-10-
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V. Metal~Oxt/Qen Associat ive Ionization Reactions

— There are three possible associative ionization reaction channels

in a metal—molecular oxygen system :

M + 

~2 -
~ MO 2~ + e (12)

-* r10~~+ O + e  (13)

~ ~io~ + O (14)) Dr. H. H. Lo at the University of Pittsburgh has observed the production

of both MO2
’
~ an d MO~ in  reactions invo lv i ng the metals lan thanum an d

ceri um. ’1 The production of MO~ im plies that the negative ion channels ,

(14), is at least energet ical ly  al lowe d , al thou gh the MO~ may be due

entirely to reaction (13).

We have inv c.ti ted the La— 02 system an d observe a l l  three react i on

channels. The branching ratio between (13) and (14) is estimated to be

of order 10:1, yielding a cross section of— io
_18 cm2 for (14) with

lanthanum . The cross sections for reactions (12) and (13) with lanthanum are

both of order ~O ’~ cm2. This is consistent with our general observation

that even when negative ions are produced in a reaction , the free elec tron

channels dominate .

We have subsequently learned 12 that Dr. R. B. Cohen and h is co-workers

at the Ill inois Institute of Technology have also observed 0 in the

La + 02 reaction and in the Ce + 02 reac ti on as we l l .
- Lo and Cohen have also each measured cross sections for a number of

metal-atom ic oxygen associative ionization reactions. As a consis tency

check on the d i f fe ren t  exper imental systems and techn iq ues , we have

exam ined the neodynium-oxygen and samarium-oxygen reactions which were

studied by both nroups. Usinn the previously measured (d + 0 reaction

~ 

. Mrt;M1nff-ff . ~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
- — - --

~
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cross section for calibration , we performed direct measurements of the

Nd/Gd and Sm/Gd cross section ratios. Setting the ratios of the metal

electron impact ionization cross sections equal to unity yields atomi c

-

‘ 

- 
oxygen associative ionization cross sections of 2 .7 x i0 15 cm2 for Nd

and 1.7 x ~~~~ cm2 for Sm. A comparison of our results with those of

Cohen et al . is shown in Table II. While there is some scatter , the

two experiments are in reasonable agreement. Lo has also observed these

reactions , however his experiments were not intended to produce absolute

cross section measurements.

A simultaneous comparison technique is employed in Cohen ’s experiments .

Two different metals are placed in the beam source and the reaction signals

are a ll observed at a constant source temperature . This approach restricts

comparisons to metal pairs having comparable vapor pressures in some

temperature range. This requires that the Nd-Gd comparison employ a three

element chain , Nd/Tb , Tb /Pr , Pr/I’~d wh ile two additiona t elements , Sm/Ho ,

Ho/Nd , are required for samarium .

TABLE II

COMPARISON OF MEASURED CROSS SECTIONS OF THE REACTION

M + 0 -÷ MO~ + e FOR THE METALS NEODYMIUM AND SAMA RIU~1

Cohen12 1.3 x 1O~~ cm2 4.3 x io 17 cm2

This Work 2 .7 x 10
_is 

cm2 1.7 x io 16 cm2

—12—
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We have used a sequential comparison method for these experiments.

The furnace containing the two metals to be compared is heated slow l y

• and reaction signals are observed as the furnace temperature reaches

the appropriate temperature to produce a beam of each metal. Due to

the open design of the furnace (descri bed in Apendix III), the l ower

me l t i ng  point  metal su pp ly is generall y exhausted before a beam of the
— second metal ‘is detec ted. Thus the s ig nals  for the two react ions are

measure d at different , unknown , furnace tem peratures.  The geometry of

the source also allows a variation in the overlap between the oxygen

beam and the two meta l beams.

Both techn iques have their weak points. We consi der our results

to be in essential agreement with those of Cohen , and b€l ieve that

the differences coul d be reduced by installing a furnace which allows

greater control of the metal beam source. For other systems studied

by both Lo and Cohen , the agreement is generally satisfactory , less

than a factor of ten in most cases.

• -

—

-13- 
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VI. Technical Developments

In addition to the specifi c reactions which have been studied , we

have developed a number of generally useful experimental techniques.

Many of these have been in the area of neutral beam sources. The two-

stage furnace which was used to produce an atomic sulfur beam has already

been described in Section II. Although the idea of using a two-stage

furnace is not new, our experiences have demonstrated that a simple

tube-type gas dissociation furnace can be readily adapted to a two-stage

design for use with solid samples.

A great deal of effort has been devoted to improving the tungsten

foil tube furnace which was used in the early phases of this reasearch

project as a uranium beam source. The present design consists of three

tungsten rods mounted to form a vee—shaped trough. A chip of uranium

is hel d in the trough by gl ue which burns away as the furnace is heated ,

disappearing completely before the uranium beam s to vaporize . This

furnace has a usable life of five to ten hours with uranium , nearly an

order of magnitude longer than the earlier tube furnace.

There are some disadvantages associated with this design. Due to

the large physical area over which the beam may be formed , neither the

beam geometry nor the beam temperature is well-defined . The source is

not well suited for two element beams because the beams of the two

metals are produced from different areas of the furnace and are not

co-linear.

-14-
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The ozone beam source design has proved most successful. This

. all—glass rf discharge source is described in detail in Appendix VIII .

The purity of the ozone beam which is produced has not yet been

accurately determined due to a lack of data concerning the electron

impact ionization cross section and fragmentation pattern of ozone.

The source is presently being used , in connection with another project,

to measure these parameters.

We have also demonstrated that dc negati ve ion currents can be

routinely measured using an electron multiplier and an Extranuclea r

Laboratories Negative/Positive Preamplifier . The isolation provided by

the preamp allows changing from positive to negative ion detection by

simply changing the bias voltages on the ends of the electron multiplier

and reversing the polarity of the focusing lens voltages.

L:~.
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VII. Conclusions

The principal conclusion of the present research program is that

associative ionization between ground state reactants is not an uncommon

process and that it can be a significant source of long— lived electron

- 

- 

clouds in the upper atmosphere through the introducti on of any of a

number of heavy metals. While negative ions may also be produced in

some of the reactions , the negati ve ion channel s account for no more

than 5~ of the total reaction cross section in any of the systems

examined thus far.

Knowing the absolute cross sections for the U + 0 and U + 02
reactions has made it straightforward to obtain cross sections for other

associati ve ionization reactions. These cross section measurements all

contain at least one factor which is a ratio of usuall y noorly known

electron impact ionization cross sections , pointing out a need for

improved electron impact cross section data . Presently stated results

explicitly show this factor so that improved values for these associative

ionization cross sections can be generated as soon as improved El cross

sections become available.

It is not yet possible to predict the combinations of reactants

which will associati vely ionize. Additional data on the ionization

potentials and dissociation energies of heavy metal radicals appear to

be a necessary, al though probably not sufficient , requirement for developing

-16-
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a predictive capability. Not all of the reaction channels known to be

• energetically allowed have been observed , however for every combination

or reactants known to have one or more allowed channels , at lease one

channel has been observed.

There remai ns much to be learned about associative ionization .

The possibilities of internal excitation of the product positive ions

and the energy distributions of the electrons have not yet been fully

examined . There is no doubt as to the basic scientific interest of

this entire field and it is quite possible that the processes may also

have significant bearing on military communications problems , absolute

neutral atom detection , and perhaps isotope separation and other processes

in which chemi—ionization between ground state reactants represents an

energetically economi cal means of ionization.

I I—-
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APPE ND IX I

ASSOCIATIVE IONIZATION REACTIONS STUDIED AT EXTRANUCLEAR LABORATORIES , INC.
AND THE UNIVERSITY OF PITTSBURGH UP TO DECEMBER 31, 1976

Cross Section (cm2)
Reaction Observers Method See Note 1

1 . U + 0 UO~ + e 1,2,3 A 1.6 x io~~
2. T h + O  -

~~ ThO~~+ e 1,3 A 1.0 x io~~

3. Zr + 0 ~ ZrO~ + e 1,3 A 1.3 x io 15

4. Gd + 0 + GdO~ + e 1,3 A 8.4 x io 16

5. Ti + 0 -
~ TiO~ + e 1,3 A 4.5 x io~~

6. La + 0 -
~~ LaO~ + e 3 A 5.1 x

7. Sm + 0 --
~ SmO~ + e 3,6 A 1.7 x io

_16

8. Nd + 0 -
~ Nd O~ + e 3,6 A 2.7 x 10_is

9• ~ + 0 YO~ + e 3 A 3 x io 16

10. Ce + 0 -
~ CeO~ + e 3 A 1 x io~~

6

11. Pr + 0 ~~~ + e 3 A 2 x io~~
5

12. D y + O  -
~~ DyO~~+ e 3 A 1 x i O ~~

7

13. Er + 0 ErO~ + e 3 A l x  io~~
8

14. U + O 2 
-
~ UO2~~+ e  1,2,3 A 1.7x io 17

15. Th + 02 ThO
2: 

+ e 1,3 A 1.5 x 1O~~

16. La + 02 
-

~ LaO2 + e 3 A ,B 1.7 x 10

17. + LaO~ + 0 + e 3 A ,B 1.2 x

18. -
~ LaO’1 

+ 0 6 A io
_18

19. Ce + 02 Ce02~ + e 3 A 3 x 1O~~

20. + Ce0~ + ? 3 A 1 x io_20

-19—
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Cross Section (cm 2)
Reaction Observers Method See Note 1

21. Pr + °2 Pt~O~~ + e 3 A 4 x

22. U + 03 UO2~ + 0 + e 5,6 A 2 x io~~
6

23. UO~ + 02 + e 5,6 A 2 x l0 16

24. Th + 03 ThO3~ + e 5,6 A 2 x iO~
19

25. ThO~~ + 0 + e 5,6 A 1 x

26. ThO~~ + 0 5,6 A 2 x
+ -16

27. + ThO + 02
+ e 5,6 A 4 x 10 -J

28. + ThO~ + 0 
- 5,6 A 1 x io 18
2

29. U + Cl 2 
+ UCl 2~ + e 5,3 A ,B i x  io 17

30. -
~ UCl~ + Cl + e 5,3 A ,B 5 x lO~~

31. + UCl~ + Cl + e 5 A 5 x 1O~~
32. La + Cl 2 -* LaCl 2~ e 3 B 1.1 x 1O~~

33. — - LaC1 ” + ? B 1.2 x

34. V + Cl 2 YCl 2~ + e 3 B g x

35• YC l~ + ? 3 B 4 x iO~~
36. U + Br2 

+ UBr2~ + e 5 A 5 x iO~~

37• + UBr~ + Br + e 5 A 1 x 10-19

38. UBr” + Br 5 A 1 x io 20

-• 
39. U + NO2 

-
~ UO2~ + N + e 3 B See Note 2

40. U + 
~
120 

-
~ + N2 + e 4,5,3,6 A ,B 3 x iO~~

See Note 2

41. La + N20 + LaO” + N2 + e 3 B 1.5 x io~~

a

4’ 



Cross Section (cm2)
Reaction Observers Method See No~e 1

42. U + NO + UN0~ + e 4,3 A ,B 4.4 x i0~~
43. U + SF6 

-
~ UF2~ + SF4 + e 4 ,5 A ,B Small

44. U + SF4 UF2~ + SF2 + e 5 A 5 x lO~~
45 -- UF~” + SF + F 5 A io

_20

46. U + S + US~ + e 5,6 A 3 x io
_18

47. Ba + OH -
~~ BA0H~ + e 3 A Confirming Cohen

et al.

Observers : Methods :

1. U. L. Fite A . Crossed Beams
2. P. Irving B. Beam through gas or magnetic bottle
3. H. H. Lo
4. B. N. Kim
5. 1. 14. Siegel

6. T. A . Patterson

Note 1: All of the cross sections must be multiplied by the ratio of the
electron impact ionization cross section of the metal to that of uranium.
The cross sections for reactions 22—47 must also be multiplied by the ratio
of the ionization cross section of the gas to that of 02.

Note 2: U + N2O in a crossed beam experiment gave a value of 3 x io_18 cm2.
How~~er , the value which came from a magnetic bottle experiment was over
lO cm2. We are now trying to understand this discrepancy in terms of
systematic errors , probably in the bottl e experimen t, since a repeat of the
U + N20 crossed beam experim~~t b~ a different observer under differentconditions also gave 3 x 1O~~° cm

i. Only the bottle experiment has been
used to date for the U + N02 reaction so we are reluctant to cite a value

• - - at this time .

4)
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APPENDIX II

PRESENTED AT THE IX INTERNATIONAL CONFERENCE ON THE
PHYSICS OF ELECTRONIC AND ATOMIC COLLISIONS , SEATTLE, JULY 1975

STUDIES OF POSITIVE AND NEGATIVE ION ASSOC IATIVE
IONIZATION IN CROSSED BEAMS OF URANIUM
ANt) N2O, SF6, Br2, 11202, CHF3 AND 02*

M. W. SIE(~EL AND W. L. FITE

Extranuclear Laboratories , Inc.J - 

P.O. Box 11512, Pitts burgh, PA 15238, U.S.A.

tie have recently surveyed six gas-uranium systems seeking

associati ve ionization processes leading to positive and negative

ions. In two cases we have been abl e to determine estimates for

associative ionization cross sections relati ve to the 1.68 ± 0.27 x

io
_17 cm2 cross section for U02

” from U and 02~ previousl y investigated

by Fite et al. 1 The apparatus and technique used herein are essentially

identical to those described in Ref. 1. The only significant change

is the addition of a two port gas handling system to allow rapid

interchange of gases for normalization purposes .

Quantitati ve measurements have been made on the UO” from U and

N20 system, where the reaction is

U ÷ r 4 2o +  UO~~+ e

- - 
The cross section for this process is estima ted at i4~ of the cross

section for U02+ from U and 02. This measurement does not yet include

several corrections (e.g., 02 and N20 beam intensities by electron

bombardment , mass discrimination effects , etc.) which will have to be

carefully determined before a precise result can be stated. As would

be expected , no negative ions were detected.



_ _  

_ _ _ _ _  

-

In the U + SF5 system the UF2~ ion is observed , but no negative

ion is found. The process involved is thus presumed to be

U + SF~ UF2
4 

+ SF 4 + e

Its cross section appears to be small. The UF2
+ is detecte d at a

convenient signal level when the reaction chamber partial pressure

due to the SF6 beam is of the order of 5 x io
_6 

torr. When an 02
beam producin g a pressure increase of 1 x io

_6 
torr is mixed with the

+ • . +SF5 beam , the U02 signal domi nates the UF 2 signal by a factor of

approximately 7, apparently indicating that the cross section for

producing UF2~ from U and SF 6 appears to be about 3% of the cross

section for producing U02~ from U and 02.
In the 1,1 + Br2 system the UBr 2” ion was observed but the UBr~

was not . Again , negative ions were sought and none observed.

Positive ions (only) were sought in the U + 11202 system , but none

were observed. Obtaining this null result required a variation on the

usual procedure , necessitated by the inseparable admixture of 02 with

the 11202 beam; thus an associative ionization signal is always observed ,

and it was at fi rst believed to be due to UO 2” (or perhaps UO 2H” ) from

4 the U + 11202 reaction. To dis tingui ch signal from H702 from s ig nal 02
we used a mass stepping device to switch approxima tely once per second

between U02
” and 02

+; the electron beam was switched on only during the
-~ 

- 

- 

02
”’ dwell periods. The signals were deniultip lexed to sample -and-hold

ampl ifiers , and an x-y plot was made of the UO2 vs . 02 signals as the

source pressure of 02 and (H 202 + 02) were separa tely varied . 
These

plots had identical slopes , indicating that all of the UO2
” signal was

due to the 02 reaction . 
-23-
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Positive ions (only) were sought in the (J + CHF 3 (Freon 23) system,

but a null result was obtained.

In addition to the above newly investigated systems, negative ions

were sought in the U + 

~2 system; again , as expected a null result was

obtained.

The null results in our search for negative ions from N20, 02,

Br2, and SF6 + U are disapp ointing, es pecially in the latter two cases.

We will have to continue to doubt the proper functioning of the apparatus

until such time as some associative ionization negati ve ion is observed.

However the experimental procedure is entirely symetric for negati ve and

p ositive ions , and we believe that if any of these systems do lead to

negative ions , the cross sections are more than an order of magnitude

below the smallest positive ion cross section observed to date.

We anticipate that by conference time we will be able to discuss

one or two of these new results in quantitative detail; our search for

negative ions will also continue , and we hope to be ab le to report a t

least one non—null result.

1W. L. Fite , H. H. Lo , and P. Irving, J. Chem. Phys. 60 , 1236 , (1974)

*This research was supported by the Defense Nuclear Agency and monitored
by the Air Force Cambridge Research Labora tories under Contract Number
F 19628—74-C—0215
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APPE NDIX 11!

PRESENTED AT THE AMER ICAN SOCIETY FOR MASS SPECTRO I1ETRY
CONFERENCE , HOUSTON, MAY 1975

ASSOCIATIVE IONIZATION AND SECONDARY REACTIONS IN
U + 0~ AND U + N20 SYSTEMS

- - U. L. FITE AND H. H. LO , DEPARTMENT OF PHYSICS ,
UNIVERSITY OF PITTSBURGH , AND M. U. SIEGEL ,

EXTRANUCLEAR LABORATORIES , INC. PITTSBURGH , PA

Crossed beam experiments have yielded the cross section for

U + N~O -~- UO” + N2 + e, from the previously measured cross section

for Li + 02 U0 2” + e. In a second experiment a beam of U atoms

crossed a magnetic bottle field where gas was added. Ions formed and

trapped in the bottle fiel d were examined . With N20 , UO 2~ was a lso

p resen t, arising from the ion-molecule reaction U0~ + N20 -
~ UO 2~ + N 2.

With °2’ UO 3~ was also present but arisin g, we believe from energy

cons id era ti ons , from the assoc iative ionizat ion p rocess U0~ + 

~2 
--  1J0 3~

+ e, w i th the U0 com i ng from U + 02 -4’ U0”~’ + 0. The appearance of

U0 3” suggests possible errors in the known energetics of the uranium-

oxygen system . The experiments are described and the results discussed.

Possible uses of magnetically confined olasma s of such ions are

considered .

Supported in part by the NSF and in part by the Defense Nuclear Agency
through AFC RL

— 25—
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APPENDIX IV

~RESE NTE D AT THE V INT ERNATIO NAL CONFERENCE ON
ATO MIC PHYSICS , BERK ELEY , JULY 1976

STUDY OF THE ASSOCI/\T 1VE IONIZATI ON REACTION
- BETWEE N URANIUM AND SULFUR*

T . A. PATTERSON AND N. W . SIEGEL

Ex tranuclear La bora tor i es , Inc., Pittsb~rgh , PA 15238

We are continuing our survey of associative ionization reactions

invoTv ing uranium atoms by exam ining the reaction

U + S  - U S~~+e . (1)

Since the analogous reaction with a tomic oxygen , which like

a tom i c sul fur has an ns L np 4 f
3P

2
} structure , proceeds with a rela-

tively large cross section ,’ 1.62 O.~ 1 x 1fl~~ cm2, it is easonat~le

to expect that this ‘-oaction would occ~ir.

The experimen t is performed in a crossed ~-eans conf ic r~ t~ ~n

u :inq an apparatus and technique which are essentially iden~ ical to

those described in Ref. 1. A two-stage oven has been added to  the

system to produce atomic beams fron mo l ecular solids. ~~ solid

charge is vaporized in the first stage and then dissociated in the

hotter second stage. Generally, a sinqle stage oven hnt enough to

dissoc iate a molecule will vaporize tho charoe too raoid ly to r o d u ce

a usa ble beam.

The cross section for reaction (1) is r~vasured to be o~ ordo~

3 x io 18 cm2, base d on a com par i son ~iith the 1.68 0.27 ~~~~~ 
~~~

cross Sec tion for UO2~ from U an d O2~ previ ou~
lv inve sti gato l b-i Fite

— 26-
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et al .~ This value does not include cor rections for such factors as

the relative efficiencies of the 02 and S beam intensity 
measurements

by electron bombardment , detailed examination of the S2 dissociation

fraction and mass discrimination effects. These factors will have to

be determi ned to yield a more accurate result.

A cursory examinat ion of the reaction

U + S 2 
-
~ US2~~+ e  (2)

yielded a null result. However , consider ing beam intensities and the

ratio of the 0 and 02 cross sections , the US2~ 
product could easily

have escaped detection. Insufficient data exists on the dissociation

energy and ionization potential of US2 to determine whether 
the

reaction is even energetically possible.

W. L. Fite , H. H. Lo and P. Irving , J. Chem. Phys. 60 1236 (1974)

*This research was supported by the Defense Nuclea r Agency and monitore d
by the Air Force Geophysics Laboratory under Contract Number F 19628-74-C-0215
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APPENDIX V

PRESENTED AT THE V INTERNAT IONAL CONFERENCE ON
ATOMIC PHYSICS , BERKELEY , JULY 1976

STUDIES OF POSITIVE AND NEGATIVE ION ASSOCIATIVE
IONIZATION IN CROSSED BEAMS OF URANIUM AND

- 
- Br2, Cl 2, NO2, SF4, (CM )2 AND H2S*

N. W. SIEGEL AND W. L. FITE

Extranuclear Labora tories , Inc. , P i t ts burgh, PA 15238

In a p revious report’ on our crossed beam studi es of assoc i ative

ionization between uranium atoms and various gases we reported observ-

ing the react ion

U + Br2 -
~~ UBr2

’
~ + e Cia)

with a null result for the channels

U + Br2 ‘JBr~ + Br + e (Ib)

and
• U + Br2 -

~ UBr”' + Br ( ic)

Further investi gation under more favorably experimental conditions now

indicates that reactions (Ib) and (Ic) do indeed occur . This appears

to be the fi rst re porte d associa ti ve ionizat i on reac t ion lea di ng to a

negative ion product. By comparison of observed signal intensities in

these cases with the UO2”' signal from the reaction U + 02 
-
~ U02~ +e

under compa rabl e gas beam intensity conditions , we roughly estimate

cross sections of 5 x ~~~~ cm
2 for (la) , and 1 x 1(i’~ cm 2 for the sum - •

of (Ib) and ( ic) . The branchin g ratio between (ib) and (ic) is difficult

to estimate , but appears to be the order of 10:1.

-2U- 
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We have similarly investigated the reactions of Cl 2 with uranium

and observe d

U + C 1 2 -
~ 1JCl~~+ e  (2a)

U + Cl 2 -
~ UC1~ + Cl + e (2b)

and U + Cl 2 UCl~ + Cl~ (2c)

with roughly estimated cross sec tions of ~~~~~ cm2 for (2a),  and iO~~
8 cm2

for the sum of (2b) and (2c) . The branching ratio between (2b) and (2c)

is , as in the analogous bromi ne case , difficult to estimate , but appears

to be of order unity.

The react ion

U + N O 2 
-
~ U02

” + N + e  (3)

previously reported by Fite , Lo and Vasu2 in a magnetic bottle configura-

t ion , has now been observed in the crossed beam configuration. Its

cross section is estimated at 3 x ,~
_18 cm2. No negative ion channel is

possible .

The reactions

U + SF4 LJF 2~ + SF2 ( ? )  + e (4a )

and U + SF4 UF2~ (?) + F + SF (?)  (4b)

have been observed , in interesting contrast to the previousl y reported 1

react ion U + SF5 -~ UF2
+ 

+ SF 4 + e where no negative ion channel is

observed. The cross section for (4a ) is estimated at 5 x 10-19 cm2 ,

—29—
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while the cross section for (4b) is so small as to preclude even a

rough estimate at this time. The positive ion product in (4b) is

shown as uncertain because the F signal is sufficiently small that

a corre spond ingly small current of a hea vy posi t ive ion, e.g., UF+,

might easily elude detection.

The s”stems U + (CM )2 and U + H2S were examined and not found

to yield ionized products.

References

1. M. W. Siegel and U. L. Fite , Abstracts  of Papers of the IX th
In ternational Conference on the Physics of Electronic and Ator iic
Collisions (University of Washington Press , 1975), J. S. Risley
and R . Geballe (Eds)., p. 1088.

2. 11. L. Fite , H. H. Lo and P. Vasu , Ibid., p. 1086.

*This research was su pported by the Defense Nuc lear Agency and
monitored by the Air Force Geophysics Laboratory under Contract
Number F 19628-74-C-O215.
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APPENDIX V I

PRESENTED AT THE APS DIVISION OF ELECTRON AND
ATOMIC PHYSICS MEETING, LINCOLN , DECEMBER 1976

OZONE ASSOCIATIVE IONIZATION WITH
THORIUM AND URANIUM*

T. A. PATTERSON AND M. U. SIEGEL

Extranuclear Labora tories , Inc. , Pittsbur gh, PA 15238

Associat ive ionization reactions between ozone and both uranium

an d thorium have been studied in a crossed beams experiment. The

+ + + +positive ion products MO3 , NO2 , MO2 and MO , the neu tral products

0 and 02, and the negatively charged products e, 0 and 02 group into

• seven assoc iative ionization channels. In the Th—03 system all f i ve

ion products are observed , in dicating that at least three channels are

onen. Relative intensities of positive and negative ion signals indicate

that a t leas t fi ve channels are actuall y open. The channels leading

to (ThO ”’ + 0 + 0 ÷ e) and (ThO~ + 0 + 0 ) can probably be excluded on

energetic grounds , so cross sec ti ons for the fi ve d ist i nct channels can

be obta i ned from the data . In the U-03 sys tem , UO~ an d UO2~ but not

are observe d , in agreement with known enerqetics. Neither O2 nor 0

are observe d , althou gh energet i cal ly al lowe d. Measure d cross sections
—1 9 —1 6 2span the range 10 to 10 cm

* Supported by the Defense Nuclear Agency and monitored by the Air
Force Geophysics Labora tory under Contract Number F i9628-74-C—0215
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APPENDIX VI I

PRESENTED AT THE APS DIVISI2V OF ELECTRON AND
ATOMIC PHYSICS MEETING , LINCOLN , DECEMBER 1976

LANTHANUM-OXY GEN ASSOCIATIVE IONIZATION*

T. A. PATTERSON

L Extranuclear Labora tories , Inc., Pittsburgh , PA 15238

AND

H. H. LU

Univ ers ity of Pitts burgh, PA 15260

Multi ple reaction channel s have been observed in heavy metal-

molecular halide associative ionization reactions .’ We report the

first observation of multiple channels in a metal—molecular oxygen

system. Associat ive ionization between lanthanum and oxygen has been

studied in a crossed beams experiment. In addition to the reaction

La + 02 LaO 2~ + e

which has been observed in many similar metal—oxygen systems ,2 LaO +

and O~ are also produced. The cross sections for the first two reactions

are of order io_ 17 cm2, while that of the th ird is significantly smaller.

*Supported by the Defense Nuclear Agency and monitored by the Air
Force Geophysics Laboratory under Contract Number F 19628-74-C-0215
and NSF

‘N. U. Sie gel and U. L. Fite , Abstrac ts of the V ICAP (Berkeley , CA ,
1976), R. Marrus , N. H. Prior an d H. A. Shuqart (Eds.), p. 135.

2H H. Lo and U. L. Fite , Chem. Phys. Lett. 29, 39 (1974) and
references therein.
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APPENDIX VI ll

ASSOCIATIVE IONIZAT ION OF URANIUM AND THORIUM
IN COLLISIONS WITH OZONE*

T. A. PATTERSON , N. U. SIEGEL AND U. L. FITE

Extranuclear Laboratories , Inc., Pittsburgh , PA 15238

ABSTRACT

Associative ionization cross sections for U and Th with 03 have

been measured using a crossed beams technique. Thermochemical data

indicate five energe tically allowed reaction channel s for each metal.

Only two of these channels are observed in the U + 03 system. All

fi ve channel s , including two leading to the production of negative

ions , are observed in the Th—O 3 system. The total reaction cross

section for both metals is about 4 x io_ 16 
cm2 , with individual channel

cross sections spanning the range 2 x iO~~~ cm2 to 4 x iü ’6 cm2.

~~~~ research was sponsored by the Defense Nuclear Agency and nionitored
by tho Air Force Geophysics Laboratory under Contract Number F 1962 8-7 4 —C—O215
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ASSOCIATIV E IONIZATION OF URA NIH ’l A~D T~11~ 1U’~
______ 

IN COLLU;IOMS W ITH O$(2~

T. A . PATTERSON , rl . U. SIEGEL !\ND ~~. L. FIT~
Extranuc lear Lobo rotor ies , Inc., Pittsburgh , PA l52~ ?

I. Introduction

Assoc i ative i onizati on react io ns be twee n lan thani de and actinide

heavy metals and a ‘-variety of atomic and simple molecular species have

been investigated recently. 1-8 Metel —a tom associati ve reactions have

the s imple form 
-

+-, MA + e  (1)

Metal-c~olecule systems are more conplex because multi ple dissociat ive -

associative reactions channels , inc lud ino some leading to negative ions ,

are possi ble in a dd ition to the s imple assoc i a ti ve reactions. For -~iny

of the heavy metal syste ms , insufficient molecular binding energy data

are available to predict which , if any , of the associative ioni:~tion

channels are energetically allowed. Turning this defici ency around , the

ex i s tence or ah sence of open associat i ve ion i za tion ch anne l s mo v be

used to place bounds on certain ionization potential s and dissociation

energies.

L
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In this paper we report several associative ionization reactions

between ozone an d uranium and thorium . Seven asso c iat i ve ioni z ati on

reaction channels are in princi p le possi b le :

P1 + 0 3 
-
~ MO3~~+ e  (2)

-
~
- FiO 2~ + 0  + e (3)

-
~~ MO2~ + Q~ (4)

-4’ MO~~+ O 2 + e  (5)

-
~ FiO~ + 0 (6)

-* MO’
~~+ O + U + e  (7)

-* riO~~+ o + O ~ (8)

Reactions (2)— (6) are known to be exothermic for both uraniun 9 and

thor i um10 while (7) and (8) are known to he endothermic by more than

1.5 eV for both metals. Table I summarizes the exothermicity of the

reactions. Exothermicity provides only a measure of whether the

reac tion i s perm i tte d , but does not guarantee that the reaction proceeds

with su fficient cross section to be observable. Experience has indicated

that most but not all allowed reactions are in fact observed. This woul d

be expected on the simple grounds that an enormous number of low l ying

molecular states exist in these sys te ms , almost assuring one or more

appropriate curve crossings in each case .

II. ~~~~~~~~~~

The ~>:nnri~ c nt s  are performed in the rossed beams ap parat o s shows

so hewa i sal ly in Fi so r ’e 1. Thn ‘~~ t a 1 vs or bean and tin no dul a t~ c] ozone

io~ r~~ , int ~ snot, at Hht angles in ~he snalvze ’ chamber o~ a t , ,- .w~ cr .

di fIeror ti al 1 y pu .~nsd va cua -  sys t e~- . To ns  pru hio d by as s -~~ia~ i o



ionization are electrostatically extracted from the interaction volume

and focused into the entrance of a quadrupo le mass filter . Ions of a
P

selected ni/e are detected with a continuous dynode (Channeltron ’-~) ri ultip l ier.

An electron beam can also be turned on to pass through the interaction

volume at right angles to the gas and metal beams. The beam i ntensi t ies

can thus be measured by electron bombardment ioniza tion mass spectrometry .

The meta l vapor bean is formed by placing a chip of the metal in a

horizontal trough formed by three tungsten rods. The rods are resistively

heated to a norma l operating temperature of 2000-2200 ~( . Ther e are t h ree

coll imating aperatures be tween the beam source and the int erac ti on v o l u u a .

This very simple technique has been found to be a more satisFactory bean

source than the tungs ten fo il tube fu rnaces whi ch were use d i n earl i er

experimen ts.1 The source has an operating life of 8—12 hours with ura iu-

and can easily be replenished w i r y  tines w hen used wi th a less rcac ti -~e

metal.

Ozone is produced in an rf discharge in fl owing oxygen at a pressure

of 1—10 Torr. The all-glass and teflon ozone source is illustrat ed in

Fi gure 2. In order to keep 0 and 02 dischar ge p roduc ts out o f the beam a nd

to eliminate electr ical  noise interfere nce , the ozone is produced and

release d cyclically. The ozone produced in the discharge is firs t col l ected

as a solid by cool ins the discharge bulb in liquid ni tror)or . Aft er

col l ecting approxima tely .5 cn3 of solid ozone , the di scha rt e and o:o~gen
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flow are turned off. The ozone beam is produced by allowing the solid

ozone to evaporate . The ozone effuses from the nozzle of the source into

- 
- the source chamber of the vacuum system . The nozzle is approximately 1 cm

from the beam def ining aperture which connects the source cham ber w i th

the analyzer chamber.

One of the difficulties in working with a beam of an unstable species

such as ozone i s to assure that the beam survives the trans i t from the

source to the interaction region. This is parti cularly important in this

case since the ozone dissociation product impurities , 02 an d possi bl~’ 0,

will also react wi th the metal beam , producing some of the same ions which

are expected in the metal-ozone reaction . The only method available for

— 
mon i toring the ozone beam is to observe the ions p roduced by elec tron impact

ionizat ion. This introduces a probl em in tha t the ions pooduced from the

im purit ies by electron impact are also ozone dissociative ionization products .

+ .Thus a lar ge 02 si gnal is not necessarily an indi cation of an 02 im puri ty

in the beam . Because the elec tron i mpact ion i zat i on c ross sect i on and

fraqi c ntation pattern of ozone is not known , i t is not poss ib le to determ i ne

the relat ive concentrations of 0 , and 03 in the bean by observin o the

ratios of the fl~~, ~~~ 
and O 3~ ion siqna ls.  Mass discrimination effect s , to

he discussed later , would complic a te this approach even if the necessary

cross sectio n da ta were av ailab le.

Modulating the beam with a rotat ing toothed wheel permit; cor e

information about the puri ty of the beam to be extracted. By usi n1 a

frequency select ive detect ion sys tem tuned to the modulation fr’~qu ncy , the
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ion signals produced from bean components can be separated from ion

signals produced from the background gas. If the phases of the ion

s ig nals , relative to some reference signal generated by the modulator ,

• are also monitore d , informa tion about the parent neutral(s) may also

be obta i ned , a techni que known as phase spectrome try .H

Phase spectrom etry is a form of time-of-flight beam analysis.

Since neutrals of di fferent masses coming from a source at a given

temperature have di fferent veloc i t ie s , they will have different times

of flight in traversing the dista nce bet nc- n to modulator cod the

ionization region . Hence the signa l phase of an ion f-snsid h a simple

ionization of a neutral w ill be diFfe rent from the phase of the sane

ion formed by dissoci ative ionization of a wore complex neutral . The

phase of a particular m r  signal d i p- r i ds  on the to- t~l tine of flight .

i.e., the neutrals ’ flight time from the mo dula tor  to the i nr iza t i -n

region plus thu ions ’ tine from the ionlz~ f ion regios to the ci . ?~~r c t - ) c .

- 

- 

Al thouph the phase is not quite a h oc- a r function pf  the t i no of fli~ it

character is t i c  of a mo lecule w i th  thc - mean v C i O C~~~ v , it can ire calc -rl - ~

us irv; the oath l y - q t h s , the snurun toi :- ora ture and the ion er -sc ;.

The ion sio n a is aru treated as ~no dimension a l vec t  -s o cha rm t 0 r ~: H

by an ar-al i tuds and a phase. Thu expect ed phes ; ~f O:,~ f -ac 03

r o w  0~ and 0?~ 
and fl r u  I 03) 02 - nd 0 ace c a lc u l a t H  end com pc s -  ~~~~

the nhse~
-- .- rd  s i r : ’ - 51  rhao c ~~. In ~u’H iy le ,  H -  0H2 V C d  S iu n i l  ‘- ‘OL ~ of

1-~
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an ion can be resoh ved into components alon g the possi ble source phase

axe s . Th i s i nforma t ion , together with the relati V C Cr - S S  sections for 
-~

the various ionization reactions , yields a complete descri ption of the

neutrals present in the beam.

In pract ice , the requirement that the oz one bea m path leng th

be kept short to maximize the beani intensity in the interaction region

leads to the situation that the uncertainty of a phase measure ment ,

typically ± 1-2°, is 1O-20~ of the phase di fference to be detec te d. The

observ ed si gnal phases indi ca te that there are p robahh y small amounts H

of 02 in the ozone beam , but withou t inc r eased phase sep aration

an d knowledge of the relative ionization cross sections , it is difFicult 1

to make estima tes of the impurity concentrations .

III. Procedure 3

Absolute cross sections are obtained by comparing the product ion

cur rent w i th the pro duct io n curr ent for a s i mi lar react i on whose abs olu te I
cro ss se ct i on has been car efully measu re d i n another appa ra tus. Th e 1

- 3  . 4  . .  . . . • . 

-

uranium an d thorium associative ionization reactions with oxygen ,

M + 02 ‘
~~2 

+ e (9) 
-

whose cross sections are (1. 60 0.27 ) x in~~
7 cm2 an d 1.5 x 10 L cm 2

respect ively,  are used as the cal ibrat ion react ions. T ho e f f e c t iv e

- - associat ive ionization cross section is proportional to the res u l tan t  ion

current divi du~ by the product oF the on currents produced by elect ron

impact ioni za ti -a n of the neutra l reac tar t bear~

-



In practice an oxygen beam is first generated by flowing 02 through

the ozone source. The electron beam is turned on and the modulated 02
+

- 

-, and 0+ (from dissociative ionization) signals and the unmodulated M+ si gnal

are recorded. The electron beam is then turned off and the modulated ro 2~
associ at ive ionization si gna l is recor ded. The phases of the modulated

signals are also noted for later consistency checks .

Ozone is then generated and collected . Using the collected solid

ozone at li quid ni trogen temperature as the beam source , the unrn odulat ed

+ . . + + +M si gnal and the modulated ozone signals , 03 , 0~ and 0 , produced t-nth

the elec tron beam on , are recorded . The electron beam is then turned off

and the observable metal—ozone associative ionization positive ion prod uct

s ig nals are recorde d. Phases of the modul a te d si gnals are a gai n no ted .

Th is technique assures reasonably consistent beam overlaps and allows

re liable measurement of re lat ive cross sections for the more intense channels .

By removing the liquid nitrogen bath from the o~ona collection b u lb ,

the ozone beam intensi ty can be increa sed , allo w ing observation of ion

p roducts from other reac ti on channels havin g smaller cross sec ti ons. As

the sol id ozone mari a , the gas load presented by the source causes the

vacuu m system pressure to rapidly approach the upper safe opera tinc lii ’ri

making it necessary to reimmerse the source in liquid nitrogen. This

trans ient nature of the ‘-ar c intense hear ’ requi ron a nrodi f~ ed data acq isi t ion

techni que.

_ _ _  
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The quadrupo le mass filter is programmed to alternately trans m it two

d ifferent masses , switch ing mass es at one secon d intervals. The transmi tted

ion signal is demulti plexed and displayed as two traces on a char t recor der.

A previously observed ion product and , at higher signal gain , the mass

corresponding to another possible ion product are monitored as the ozone

beam intensity i s increase d , if a new product is observed , the rat io of

the reaction channel cross section s i s equal to the ra tio of the observed

ion si gnals.

This techni que is also used to observe the negative ions , 0 and 02

wh ich are produced in the thorium-ozone associative ionization reaction .

A s imul taneous com pa rison of pos iti ve and negativ e ion yi el ds i s no t

possi ble with the pres ent system; however the metal atom beam is suffic iently

stable and the ozone pressure buildup sufficiently reproducible that

reasonably accurate results can be obtained.

IV. y~is

The observed associa tive i onizat i on molecular pos it ive io n s ign al

is given by

+ 

s 3 (Mo .~ ) = K
3 Q ( ~s~~) 1 3 n 3 (10) 

+where Q3(M 0. 
) is the ef fec t ive  cross sect ion for the production of

Ci = 1,2 or 3 ) in the 1_0 3 reaction . 13 and n3 are , respect ivel y the

neutra l ozone current and the metal number density in the neutra l beam s .

The apparatus constant, includes the overall detection efficiency for

the product ions and overlap int er -q ral of the neutral beams . S’r rui lar ly,

the calibration reaction ion sign al can be expressed as

s2(M0 7~) = K 2 Q 7 (M0 2~ ) ‘2 n2. (ii)
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The apparatus constants K3 and K2 are assumed to be equal . The ion

detection efficiency includes the efficiency with which the ions are

drawn into the mass filter , the transmi ss i on efficiency for the ions and

the efficiency of detection at the ele ctron mult ip lier . Mass d iscr imina t ion

— 
effects in the ion detec tion can be neglecte d because the di fferences in

- : p roduct ion masses are snmafl. Since the source geometry i s the same for

the oxygen and ozone beams and the metal atom beam is relati vely stable ,

the overla p in tegrals are approximately equal .

Combinin g Equations (10) and (ii), the ratio of the effect i v e cross

section is

C l  T

3~ 
) 

— 
~~ j n2 ~2. (12)

- 
+fl (M0 ) S ( M 0 \ n I-2 2 2 ‘2 ’ 3 3

The fi rst term is simply the ratio of the observed ion signals. The

second term is equal to the ratio of the el ectron impact ionization metal

ion signals recroded during the data runs. This ratio corrects for the

small drift in metal beani intensity during the course of the measurements.

The th i rd term is the ratio of the 02 and 03 neutral beam currents which

can be expressed in terms of the number densit inc and mean molecular speeds

as 

~~~ (13)

13 fl
3 

\ 3 H

4) 



_ _  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

“

~~~~~~~~~~~~

—- -—

~~~~~~~~~~~~~~

-—  —

~~~~~~

-

~~~~~~ 

_ _ _ _

By considering the source temperature and pressure and the length and di a-

meter of room temperature tubing connections the source to the vacuum cham ber ,

i t can be shown that the ozone is thermalized from liquid nitrogen tempera-

ture to room temperature by the time it enters the beam. Thus the mean

molecular speeds are inversely proportional to the square roots of the

masses , yieldin g

1~i \112
~2 n2 I 3\ _ 1 3  ~2 1
‘3~~~3V 2) ~~~

When the ion optics are optimized for maximum sensit iv i ty to the

higher mass reaction product ions , si gnificant mass dependent variations

in ion transm ission may occur at low masses. To avoid transmission

factors which are difficul t to evaluate , both n2 and n3 are expressed in

terms of 02
+ ion signals. Assuming that the ozone beam contains no

the ratio of the neutral beam currents becomes

+ e +

— = 1 .2 e + +

where Q~(O2~) and Q~(O2~) are the :r::s se:ti:ns for the production of

by electron impact on 02 and 03. respectivel y.

Combin ing Equations (12), (14) and (15), the expressio n for the ratio

of the effective associative ionization cross sections reduces to

Q 3(M0~~ ) 
1.2 

s3(M0~~) s (fl~) s2(O~ ) Q 3 (0 2 ) (16)

02(~10? ) s7 (Mo 2~) S3(M~) s 3 (o 2~) Q~(0 2~)

All but the last term can he evaluated with the expe rimenta l data .

Dissoc iative ioni :ation cross sections for ozone are not presently available.

For futu re refere nc e when this cross section herOn ’s avai l able , the electron

_,i
~~~

_ 
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energy was 50 eV in these experiments . The electron energy for the ratio

of the metal ionization cross sections which appears in the thorium-ozone

reaction4 results was 100 eV .

V. Results

Two uranium-ozone and five thorium—ozone associative ionization

reaction channels are observed. The reaction and the measured cross

sections are presented in Table II. The quoted cross sections are based

on the observations of the first reaction product . Because electron

and neutral products are not monitored , the reactions are balanced wi th

— the most probable additional products.

The run—t o—run scatter in the data indicates an experimental

uncertainty of ± 30-4O~. This is small compared with the estima ted errors

associated with the assumptions made in the interpretation of the data .

Assuming equal apparatus constants for the 02 and 03 rea ct i ons introduces

no more than a 5~ uncertainty. The most si gnificant assumption is that

the ozone beam contains no 02 or 0.

t-Ihile phase spectroscopy provides some support for this assumption ,

a pparatus co nstra i nts limit the sensitivity of th i s tec hni que. The s i gn

and the magnitude of the effects of 5-10’~ 0 an d 10—20- ’ 
~2 

impurity

concentrations depend on the reaction product , the reaction cross section

and the cross sections for the F1—O a’nd ri—o 2 reactio ns. These ef fect s can

produce changes of a factor of 2-4 in the posit ive ion cross sections in

Tabl e IT .
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- The thorium negative ion cross sectiuu-~ are , a~ test , ordri of

magnitude estimates . Since the negative ion pr~~1Ac ts  ~~
- o observ able

only in the transient ozon e beam mode , sim ’m u ltarre u~ cora Iriso ri s w ith

positive ion signals are not possible. The cross sectio ns are Han .!

on comparing the negative ion signals w it h pos itiv € ion signals obtain ed

at another time. In addition to uncert ainties associat ed eith t r ci ns r -ni ssi on

factors for pos i tive and negativ e ions wh ic h d i f f e r ’ in m iss by an order

of magnitude , the run—to—run reproducibility of the transient ozone

beam is difficult to monitor . A conservative interpretation of the dat a

- 
would be that they do no more than confir m that the reac - t ior i s occur .

Because of this large uncertainty , no attempt has been ‘mdc to subtract

the negative ion contributions to the third and fourth reactions.

VI. Conclusion s

There are no apparent corre lat ions between the individual reaction

channel cross sections and product ion complexity or reaction exothermicity.

The tota l ozone assoc iative ioniza tion cross sections for both thorium

and uranium are of order i0~~
6 cia2. Thes e can be compa re d wit h a tomic

;- -~ . . — 1 5 2• oxygen cross sect-ions wh ich are 10 cm and molecular oxygen cross

sect ions ,-~ io_ 17 
cm2. As wi th previous systems in which ~qative ion

- 
products are observ ed , the thorium—ozone negative ion channel s apn~’ar to

- account for 1e~s t ha n  PY of the total C r O S S  section . The major  egat i ’ .el~’

charged associ ative ioni zation p ’mdmi ct is a free elect ron .
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- TARLE I

REACT ION E XO T HERflICI TY (e V)

Th-
M + 03 ~ Pi0 3~ ÷ 4.~ ~ 

1.8

-
~~ F10 2~~+ 0 + e  + 3.2 + 1. 8

-
~~ P10 2

k 
+ 0 + 4.7 + 3.3

-
~ M0~~+ 0 2 + e  + 1.1 < 1.8

-
~~ P10

1 
+ 0~~ + 2.6 + 2.3

-
~ M0~~+ 0 + 0 + e  -4.0 - 3.3

~ M0~ + 0 + 0~ - 2.5 - 1.8

I— -
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TABLE II

REACTIOH CROSS SECTIONS

Cross Section (cm 2)
Reaction See Note 1

U + 03 U02 + 0 + e 2 x io 16

-÷ U0~~+0 2 ± e  2 x 1 0 ~~
6

Th + 03 Th03
+ 

+ e 
2 x 1O~~

Th02~~+ 0 + e  1 x 1 O ~~
7

-
~~ Th0~ + 02 + e 4 x

-~ 02 + ThO~ 1 x io~~
8

-
~ 0 + ThO2~ 2 x 1O~~

All cro ss sect ions must be mu ltipli ed b~ the rat io of the
cross sections for the production of 02 by electron impact
on 03 and 02. The thor i um cr oss sect ions mus t als o he
mu lti plied by the ratio of the thorium and uranium electron
i i ’ npact i on i z a t i oO cross sections.

S., - -
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Figure 1. Crossed Beams Experimental Arrangemen t

Fi gure 2. Ozone Source
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